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. SUMMARY.

11

The present report deals with the development of a.

" thermometer for recording the stagnation temperature 'in

compressible mediums in turbulent flow to within 1 to 2
percent error of the .adiabatic temperature in the stag-
nation point (4 w§/2g;cp), deperding uron the speed.

This was achieved by placing the junction of a ther-
mocounle near the stagration point of an aerodynamically
beneficial body, special care being taken t0 assure an un-
interrupted supply of fresh compressed air on the Jjunc-
tion together with the use of metals of low thermal con-
ductivity, thus keeping heat~transfer and heat-dissipa-
tion losses to.a minimum.

The practical possibility‘fs underscored by the
small effect of the flow direction.

The heat balance is evolved from an aralysis of the
conditions’ of similitude and 'a heat conductivity factor
introduced which enables approximate prpdlctlons as to
the reading accuracy on a similar body.

In other experiments the use of the plate thermom-
eter was proved unsuitable for practical measurements by
reason of its profound influence in the ;eadlnv by the
Reynolds number and by the direction of flow.

¢

INTRODUGT ION

If we attempt to measure the"uempe*atura of a com--
pre331ble fluid-with high flow velocity by introducing a
thermometcr, the flow is matural;y.alsturbed and the

*"Dle Messung der Stautemperatur." Afngeﬁieur~Archiv,
vol. XI; no. 1, 1940, pp: 1-23. ' : :
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temperature will vary, depending upon the sShape of the
instrument, as illustrated in figure 1.

In point 1 the flow is wmndisturbed, the velocity w
and the true temperature of the flowing medium T, = Ty,
or as is also termed the static temperature, prevails.
In point 2, the stagnation point, the velocity becomes
zero (w = 0)., On streamline 2'2 ensues a pressure rise
and hence a temperature rise, whence the stagnation-point
temperature T; = Tgy > Ty. If the compression is car-
ried out without loss, we have, according to the laws of
gases

(o]

wa

‘ 0
Tsg = Ty = 4 e (1)
€Cp
where A = —— kcal/mkg
427
g = 9.81 n/s®
- and Cp the mean specific heat at constant pressure

in kcal/kg '°C

Thus the conditions are wholly similar to those in
pressure measurements where

Piot ~ Pstat = Payn = ¥ Zg

so long as wgy 1s small in relation to the velocity of
sound.

We therefore write:

Tst = Ttot total temperature (stagnation temperature)
T, = Tgiat static temperature .
w
= - = - ¢] : _
Tst - Tw = Ttot Tstat = Tdyn = A e dynamic tem-
&Cp perature

Point 8 lies in the zone of disturbance of the body; hence
w # wo. The temperature in point 3 is
. : 2 2
WS - w
L stat chp'
If w <w,, then '@g'>'Tstatq and if w > wy, then
Tz < Tstat'
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A In point: 4 every stagnation effect has disappeared,
b but there .is a temperature increase AT,,  because of the
friction in the boundery layer, so that '

T4;5 Tstat + ATr.V

The purpose of the meesurement always is the determination
of the true temperature . Ty = Ty = Tgipte But the instal-
lation of a test instrument is always accompanied by a
disturbance of the temperature field through stagnation
effect or friction. The first can be followed mathemati-«
cally conformably . to equation (1), but not the friction
effect. For this reason: it has been customary up to now,
apart from a few earlier attempts, to measure the stagna-
tion temperature. However, such measurements are inevi-
tably afflicted with errors:  The instrument does nét
register Tyot Dbut another temperature  T,, which is al-

ways lower than Tyot but higher thanA Tstatt

Tstetig.Ta < Tiot

The instrumental error is denoted by the quantity

AT = Tyoq = Tg (2)
and computed in percentage of the dlfference Ttot = Tstat =
w
A 8 » i.e., of the dynamic temperature
chp - ’ . ‘
o - T ATe C
. tot g c
f = 100 ———— = 100 ——;§~ in percent (3)
?toﬁa':Tstat .- A gg

As 1ndlcat1ng accuracy (ay) of tﬁe‘iﬁstrﬁments,;we use the

quantlty o : D ‘ . L
~'max;,i00=7jfw=‘100 o in. . percent : (4)
AT LT Ttot - Tstat _”:g; . o

Thus the. 1nd1cat1ng accuracy gives the percent of dynamlc
temperature rise. Tdyn = Tyot = Tgyag ©F the instrument

actually.recorded.. The closer (aj. apprpeches 100 percent
the~better?thefinstrument ' : o

g e e

Attempts to measure- the temperature at high veloci-'
ties go back several decades to Stodola (reference 1), who,
in measurements of the temperature drop along the axis of
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a nozzle with a mercury thermometer, -found that the theo~
retical temperature is not reached by superheated water
vapor. His explanation was "that .friction on the walls
of the thermometer creates heat, the nozzle walls become
hotter through conduction than the steam flowing past and
so supply heat to the thermometer by radiation," as a
result of which the indicated temperature is too high,
Since the publication gives no experimental values, it is
unfortunately impossible to determine the discrepancies,
from the true temperature on the mercury thermometer.

In contrast, Batho (reference 2) in his measurements
along the axis of a nozzle but with wet steam and thermo-
couples of 0.2 millimeter of iron and German silver wire,
achieved an almost exact reading of the true temperature
Tetate BY an expansion of 6.657 atmospheres and about 96

percent specific vapor content to 1,125 atmospheres, that
is, a velocity of 766 meters per second at the nozzle
exit, the maximum recorded discrepancy is 2° C, which with
relation to the temperature gradient between stagnation
and true temperature corresponds to an error of only 3 per—
cent of the true flow temperature Tgtat:.

Nusselt (reference 3) used air instead of steam in
his investigaetions. He stretched thermocouple wires in
the nozzle axis, the junction of which was. situated in the
center of the orifice circle of the nozzle and which con-
sisted of 0.1 millimeter and 0.5 millimeter copper~con-
stantan or 0.5 millimeter iron~-constantan. He measured
the temperatures at the nozzle exit at different initial
pressures., Regarding these tests, he simply remarked that
"the temperature of a gas at supersonic velocity cannof
be measured with a thermocouple." When using thée values
given in tables 14, 19, 20, and 21 of his report to com-
pute the velocity at the nozzle exit and the temperature
difference between T and indicating temperature T,u,
a clear picture of the accuracy of the test arrangement
is obtained. Figure 2 shows AT = T, 4 - T, plotted

against the velocity. The indication values for the thin-
ner (0.1 mm) ~copper-constantan wires are much closer to
the true gas temperature .because the flow is considerably
less disturbed. The error relative to (3) is about 20
percent for the thinner wires and about 15 percent of the
difference T4y = Tggat for the thicker; at maximum ve-

locities the discrepancy is even less. . The test values
of the iron-cons'tantan wire are difficult to arrange be-.
cause of scattering, due probably to the nonhomogeneity
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of. iron, at veloc1t1es above 470 me&ers per second they
have ‘about -the:-same -degree of. accuracy,as,the ‘heavier -
copper~gonstantan thermocouple..  Similar. experiments with
the wires stretched diagonally .to the, gas- flow before the
nozzle oriflce, ylelded the same results. . : :

O TNV
C The dlelmllar aspects -of.. Stodola and Nuscelt on the
one. hand and of: Batho on the other. prompted Miller (ref-
erence’ 4)- to. check both experiments. .In his first attempt
with a pitot with dome- shaped head, containing two  june--
tions, one in the verteX»of»the;dome,,thelother at the.
side, and using superheated steam as.medium, he endeavored
to measure - Tgoy and Tggat - simultaneously at. supersonic
velocity. At 890 meters per second .vellocity he -ascer-
tained an error of from 13%%0.25% C relative to the stag-
nation temperature at the forward stagnation point or, on
the basis of a heat gradient of only 6.5, of as much as
12 percent discreéepancy from the btagnatlon temperature.
The difference of the lateral from the forward Jjunction
amounted to B3° C only. Milller attributes the failure of
the lateral junction to the ¢ wupression wave which envel-
opes the dome of the pitot tube and he believes that at
subsonic velocity both the static and the stagnation tem-
perature are correctly indicated, despite the fact that-
Nusselt (fig. 2) had already ascertained at a Mach number
of ‘0.72 about the same error as-a%t supersonic velocity.
Experiments with thermocouple wires arranged axially in
the nozzle yielded practically the same divergence from the
stagnation temperature as before, although Hiiller had
remedied - all supposed defects of the test lay-out.(insula-
tion of wites, determination of the entrance of ionization
of ‘steam, different wire thicknesses, different form of
junction). One ‘success that he was able to. achieve, how-
ever, when- he con@ucted steam of,dif ferent states through
the'nozzle 'and effected  the meastirement  at the exit sec-

“tion: namely, with saturdted and with superheated steam

the stagnation temperature also became manifest, but with
wet steam he achieved the loocked=for true temperature.

“This led him to the followlng assumption: "with wet steam -

the seme as by Batho' '~ the fluid .is precipitated on the
wire, the fluid a$sumes the:condensation temperature of
the- erroundlng $team, in consequence of which the thermo-
couple indicates -the temperature correspondlng to the
steam pressure, . But, if the §team 15'cuperheated so as-
to:apprioach’ the' gas state - as by Nusselt - the laws for

“'gases at supersonie’ velocities are applicable, ‘i.e., any

sllght obstruction, ho matter how small; creates-disturd-
ances. Shocks and stagnation effects ensue on the wire,
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as a result of which a. temperature is always measured
which corresponds to the stagnation temperature. If the
expansion reaches into ‘the wet steam zone the indication
is nevertheless that of the stagnation temperature." This
phenomenon is explained by the fact that a central nucleus
in the nozzle remains superheated as far as the end of the
nozzle, and the moisture settles on the walls., While
heretofore it had been endeavored to ascertain the temper-
ature curve at expansion in a nozzle experimentally and
then found that the recorded temperature corresponds ap-
proximately to the stagnation temperature, it is now in-
tended to approach the stagnation temperature as closely

. as possible or to establish the accuracy for some kind of

test arrangement. Thus Brun and Vernotte (reference 5)
attempted a direct measurement of the heat of a thermo-~
couple through a gas flow by mounting the hot Jjunction

on the outside and the cold junctions of their 0.3 milli-
meter constantan-manganese thermocouples on the inside on
a disk which they let revolve in air. The thermal force
was collected by brushes, the heat of the inside Junction
amounting to a mere fifth of the velocity being disregarded.
The heat for 80 meters per second circumferential speed
amounted to 2.7° C, which corresponds to an error of 15
percent, or the same result as obtained by Nusselt with
0.5-millimeter copper-constantan wires,

Essential is the knowledge of accurate temperatures
for the determination of heat transfer coefficients such
as were carried out by Guchmann and his collaborators
(reference 6), by Jung (reference 7), and Meissner (refer-
ence 8) at high velocities, Guchmann recorded air temper-
atures up to 0.95 Mach number with -0,5-millimeter-thick
copper~constantan and O0.3-millimeter-thick tin-constantan
thermocouples. The indicating error was obtained by dif-
ferent determination of the heat content of the air - once
from amount and measured stagnation temperature, -another
time from the supplied electrical energy less the losses -
to 4.4 to 15.4 percent depending upon the velocity. The
fluctuation of the accuracy is explained by the method of
error determination.. Jung developed 2 special stagnation-
roint thermocouple for his experiments, consisting of 0.1-
millimeter-thick iron-constantan wire; the Jjunction was 0.5
millimeter aft of the mouth of a small,slightly conical
glass tube. He attached no importance to any eventual
errors but failed to give their exact amount. Meissner
lastly attempted to solve .the problem of temperature at
high velocities on the whirling arm, like Brun and Vernotte.
He mounted two opposite tubular steel arms on the axis of



I

ol

NAGA TechnicalﬂMemorandum No. 967 7

a gasoiine englne; the thermocouples of 0.2~ mlliimeter—

. thitk copper~-constantan-wires -at.the ends-of the arms,

one thermoeouple being suspended freely in the air, the
other: housed within a pipe of 90 millimeters inside diam-
eter. Then he ascertalned the . indic¢ating ‘accuracy of
thes se thermocouples. The error for the free-rotating
thermocouple amounted to 26 to 51 percent at 125 meters
per second, and from 32 to 44 percent at 150 meters per
second, averaging 38 and - 35 percent, respectlvely. 'The
corresponding values for the thermocouple in the pipe °

" ..averaged 386 percent at 106 meters per second and 30 per-

cent at 158 meters per second.. From this ‘experiment

‘Meissner concluded that ‘fa s>ec1fled magnitude of Junctlon

and a certain d1$p0$1t10n of Agiis not necessary. "The
marked discrepancies- w1th1n one test series and the com-
pletely dissimilar resudlts from those of other research
workers are probably due to the: test method, as Xnoblauch
and Hencky (reference 9) themselves claim the method of
collecting thermal force by brushes to be extremely in-
accurate. . : :

To complete the list we, should®further include several
other publications which quote the accuracy of the test
equipment .employed. Von ‘der Ndll and Garve {reference 10)
cite an error of from 16 to 18 percent for thermometers -
with cylindrical mercury bulb. Eckert (reference 11), in
his exXperiments with superheated water vapor, finds an
error of from 20 to 30 percent at 200 to 400 . meters per
second speed with thermocouples, while F. E, Schmidt (ref-
erence 11) reports that a thermocouple in.the Stagnation
point of a body with aerodynamically favorable profile
gives an error of 10 percent in the dead air zone of a
sphere and for a- free thermocouple in the .air stream an

"error of 20 percecent and st111 greater errors onthe inside

of a perforated body.

The sole theoretlcal report on - the subJect available
is that published by Polhausen {reference 12), who by
estimation of the relative orders of magnitude of the
separate terms of the hydrodynamic differential equation
in the zone of a boundary layer adjacent to a fixed body
achieves a simplification of the differential equatlion
for the temperature of the flwmid 'in proximity of a fixed
body. - This enables him to compute the heat removal
from a thin plate by a parallel flow, as well as to de-
termine the temperature of such a flow.from the reading
of a plate thermometer. The correction A(J) by which
the reading T, of a plate thermometer must be reduced
in order to obtain the true tcmperature of the flow Tstat
igs for gases:
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s(o) = % (Tyot - Tstaf)B(U)

where Ttot "Tstat is the temperature rise correspond-
ing to adiabatic expansion. Thereby B(o) 1is chiefly

dependent upon the nondimensional O = Hj%ﬁﬂ (hence

equal to the Prandtl number Pr), where n is the dynam-
ic viscosity in kg sec/m? and A the heat conductivity

in kcal/m sec °C, This derivation, however, holds only
for laminar flow; for turbulent flow neither theoretical
nor practical studies with the plate thermometer have Dbeen
made so far. . ‘

_ On analyzing the available data, it becomes apparent
that the indicating accuracy for some test arrangements
has been established even though some contradictory views
still prevail, but no effort has so far been made to meas~-
ure one of the two temperatures by a sultable method di-
rect, in spite of their extremely essential importance for
experimentation on heat transfer, steam turbines and spe-
cial boilers, and for the determination of the speed of
compressible mediums, where besides the two pressures, the
temperature also is very essential.

accurate measurement of the true temperature of the
flowing medium is likely to be almost impossible with the
present day means; at any rate any method attempting to
achieve this end by insertion of any kind of instrumental
into the flow is abortive since it is always accompanied
by a change of some kinetic flow energy into potential
energy, i.e., heat. On the other hand, a properly de-
signed test instrument, devoid of radiation and heat trans-
fer losses, appears promising,

The problem of the present study is:

1) To develop an instrument which records the stag-
nation temperature with a maximum accuracy;

2) To ascertain whether the plate thermometer has
the same indicatine accuracy in turbulent flows
as established by Pohlhausen for laminar flow
and, if so, its practical use.

1
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EXPERIMENTLL SET-UP . .. . SN

— e e
e e o T VS Y

The experiments were made behind a nozzle where the
. marked contraction of the flow section before the test
length ‘assures the.most uniform velocity dlstribution ‘
" (reference 13)., The air stream passes from a blower .
through the .nozzle-ifito an exit cone (fig., 3)., The test
length 1is open, making observation of the - phenomena pos—
sible durlng the. tests.A .

The blower is driven from-an-‘alternating-current
shunt-wound motor., 'The blower- speed and hence the air
speed is controlled 'by the motor rpm. Fluctuations in
the line produced only minor speed changes in the test
length and were unavoidable. :

To insure uniform temperature and speed durlng a
test series, a tubular cooler mounted between blower and
nozzle chamber served at the same time as flow straight-
ener. A system of pipes and valves in conJunctlon with
a cooling tower or s ‘condenser assures the necessary fresh
water and cooling.

Uniformity of flow-in the Jjet is secured by the con-
traction in the nozzle, The free passdge diameter in the
nozzle chamber, that is, before the contraction, is 5.12
times that of the nozzle; the chamber section is to the
nozzle section as 26.25 to 1. By this sectional contrac-—
tion of 26.25 to 1, which for incompressible fluids means
a 26.25-times velocity increass in the nozzle, the kinetic
energy entering the nozzle is only the 687th part of the
stream energy in the- jet, the remclning 686/687 of the-
flow energy corresponding to the pressure energy in the
space before the nozzle contraction. . o

The predlctlon of the accuracy of temperature-re-‘
cording instruménts necessitates, aside from the tempera--
ture data, that of the veloclty in the Jet. This was
computed from the relatlon" '

P

| - w=/2g_;-'i;-IRT¢[ /Pl>'5J | (5)
‘\_ - Ly 'K-"' B S E

With g'= 9.81 m/s kK = 1, 41 'and gas constant R =
29.27- mkg/kg °x,
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. . Pl 0.-2.9.1 . '
w = 44.,48: '1--(-—-- : ' (6)

The velocity w is therefore dependent upon the ratio of
the static pressure in jet .p,- to the chamber pressure

Po» The latter was determined through a pressure tap (fig.
4? and read on a U-tube in mm HBg. A pressure ring with
aerodynamically favérable profile was mounted in the chamber
for a check; it showed a difference of only a few mm Heg -
relative to the pressure tap, an ampunt which corresponds
approximately to the dynamic pressure of the inflow veloc-
ity, which is not contained in p,.

The static pressure in the test length is not equal
to atmospheric pressure; because of the stagnation before
the exit cone, part of the chamber pressure is not changed
to speed. Thus, in the calculation p; should not be
expressed. by the barometer reading but rather dy a slightly
higher pressure which first is to be determined. Since
the temperature recording tesis with instruments permitted
no introduction of a pressure instrument in the Jjet at
the same time, the static pressure at the test station
had to be obtained by preliminary tests in respect to the
nozzle chamber pressure. The error introduced by a dif-
ferent shape of the temperature instrument from the pres-
sure instrument was unavoidable. In order to find, at
first, the point of lowest pressure in the Jjet axis be-
tween nozzle orifice and exit cone (distance 170 mm) the
pressure was recorded with a static pressure head with
four holes of 0.5 mm diameter at a distance of 15 4 from
the tip. The lowest pressure at initial pressures Dp,
of 396 mm Hg and 214 mm Hg vere ascertained 40 mm ahead
of the nozzle orifice, amounting to about 3 percent of Py
Care had to be taken in the subsequent tests to insure
the location of the test point always 40 mm ahead of the
nozzle orifice. The dependence of the static pressure on
the initial pressure pg (fig. 5) at this distance was
also measured with the pressure head and checked by a
Prandtl pitot tube. The remarkable fact is the absence
of proportionality between 250 and 400 millimeters mercury
column as nozzle chamber pressure, but a sudden rise and
just as sudden a drop in static pressures This phenomenon
is associated with increased noise; i.e., a high, singing
noise accompanies it. The cause is probably due to an
oscillation about the velocity of sound at several points
of the iastrument; at any rate the phenomenon is absent
when the flow is undisturbed. On the basis of the pres-
sure recording method described, the velocity can be ac-
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curately ascertained at 0.5 m/s, i.e., to within 1/2 to
- 1/6- percent between: 100-and 310 m/s.-

The temperature was recorded with o. 5 -mm=- thick copper-
~=..gonstantan thermocouples and later on also with O.5-mm-
thick iron-constantan wire.  The calibration was made by
Dlesselhorst's compensation method - (reference 14), the
most accurate method Tor the determination of the thermo-
‘electric tension, by comparlson with officially calibrated
- mereury thermometers in water or oil bath (reference 15)
,before and after the: tests.'

, From equatlon (1)”wh1ch with cp”= 0.24) kcal/kg ©C
- for air can also be written '
' o . A . Co2 .o
o w . :
T - T e —0 T (7)
tot stat 2020 '

it is seen that an accurately medsurabdle reference temper-
ature 1is necessary 1if the accuracy for a temperature re-
corder is to be possible. This reference temperature is
the chamber temperature Ty, which can be equated to the
stagnation temperature Ttot' Ty = Tyote .The error in-

trodvced by not measuring the true temperature but rather
almost Ttot' is negligible, The error is greatest at

810 m/s Jjet velocity - this corresponds to a 11.9 m/s
velocity in the chamber - namely 0.08° C, or less than

0.2 percent of -the adiabatic temperature difference. Tgigt
is computed from T3 and w according to .equation (7).

The' temperature T, 1is read off and the respective error
or accuracy computed with' eouatlons (3) and (4), respec-
tlvely. X

For measuring the chamber tempereture= Td a thermo-
couple. whose Jjunction has. an area of about 1 mm=2, mounted
in the center of the cheamber section. proved 1nsu1f1c1ent
151nce the corresponding area in the jet is only 1/26 mm ,
whereas  the initial staie at least for the central jet of
20 mm diameter must .be known. For this reason .six thermo-—~
couples were dlsposed onsupports in the hexagon over a cir-

: .c1e .0f 156 mm, - with a seventh added in the center.

On- comparison of thesé thermOcouplee 1t was found
that by too much cooling the highest thermocouple indat-
cated lower than the others. .80, in order to eyPlore the
effect of the coollng, two more thermocouples were added
-above and bélow, The inflow‘of the .cold water above di-




12 "NACA Technical Memorandum No. 967.

rectly before the chamber (fig. 3) caused a several-tenths
degree lower temperature above than in the middle, the
divergence increasing with the coldness of the cooling water.
The difference was least when the cooling water circulated
over the condenser only, i.e., when the circulating water
cooled itself, Then the temperature in the median circular
section of 156 mm diameter was the same everywhere. The
drawback of this cooling is the gradual temperature rise

in high speed -tests during a test series. However, since
only temperature differences and no absolute temperatures
were ‘involved, this drawback wvas of no special significance
s0 long as the rise in the jet and in the chamber was
simultaneous. For the subsequent tests four of the seven
central thermocouples were disposed one behind the other
for the purpose of obtaining the average for any minor
temperature fluctuations within the median section.

The continuous change of the reading in the Jjet de~
spite the constant chamber temperature was disturbing dur-~
ing the first tests., The cause was soon found: The tem~
perature of the cold junction increased. The cold Jjunction
was packed in ice in a soapstone tube within a thermos
bottle. When the junction was merely inserted in the ice,
the melting of the ice made the temperature rise and so-
caused the wrong measurement, An improved arrangement
which made it possible that the melting water drained off
from the junction, kept the temperature constant for a
long time.

The holding devic.z to which the instruments for
measuring the temperature in the Jet were fastened, were
screwed to a support, sliding on a rail at right angle'to
the direction of the support novement. In this manner the
Junction could always be adjusted to jet center and 40 mm
away from the nozzle mouth.

The leads from both test stations passed through the
test chamber to the outside, since the vibrations in the
test chamber mdde correct reading impossible.,” The line
resistances were checked with a Wheatstone bridge before
and after each test. The thermal force was determined by
a reflecting galvanometer with lowest readablllty of 0.29¢C
and a mirror instrument which permitted the reading of dif-
ferences of 0,05° C, 9Since the four in-line thermocouples
were measured by rbflectlng galvanometer, the accuracy of
both temperatures is 0,05° C. All the experiments were
effected at subsonic flow velocities. '
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" TEST PROCEDURE AND RESULTS

a) Tests w1th Immersion Tubes

Since the VDI specifications (reference 16). for tem-
perature measurements in flowing mediums recommend the
use of immersion tubes, the first .experiments were made
with two such tubes (fig. 6), ode ‘smooth, the other with
several fins at the lower end to increaee the heat exchange.
These tubes were attached by ‘cover ‘strap to a flange
screwed on.the nozzle (fig. 7). Copper-constantan thermo-
couples and mercury thermometers served as recording in-
struments.

, The~measurements had to be made at fixed chamber
temperature because the temperature reading in the immer-~
sion tube lagged, especially on the thermometer. The su-
periority of the finned version through propitious ex-
change of heat and little radiation Is readily apparent
from the results (fig. 8), the accuracy =~ according to
equation (4) .is, on the average, ‘8 percent higher. The
superior 1nd1cation of the thermometer over the thermo-
couple is probably due solely to the air cushion existing
between the bottom of the immersion tube and the junction
while the. thermometer rested on the bottom. A supplemen-

‘tary test with lowered immersion tube so that the whole

tube was exposed to the jet, resulted in a 2-to 3-percent
improvement, These exXperiments revealed the close rela-
tionship existing between the indicating accuracy and the
design, position, and immersior depth. This means that
every s1ngle 1mmer31on tube must be callbrated.

b) Design of Body for Stagnation Temperature Recording

In view of the fact that all past attempts to measure
the stagiation temperature by stretchlng thermocouples
lengthwise or crosswise to the d1rect10n of flow had proved
unsuccessful, it seemed logical to "locate the junction in
the stagnatlon point of streamllne bodies, where the change
from kinetic to:.potential energy is amply assured. The
design of an 1nstrument for measuring the stagnation tem-
rerature had to meet the three cqndlt;ons, as’ follows:

1) The junction must be located in the stagnatlon
. peint,
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2) Radiation losses must be prevented as much as
possible. o~

{

} 3) Heat dissipation must be kept at a minimum,.

As for 2), it was practically disregarded, while 3)
was very closely complied with. The main task consisted
in finding ah aerodynamically beneficial body design.

The first two tesis with designs a and b (fig. 9) illus-
trate the effect of body shape.. A piece of steel tubing
of 4 millimeters diameter and 0.5 millimeters wall thick-
ness, cut off at the endé facing the flow direction, was
soldered t6 a streamline tube; the tube was attached by a
stuffing-boxlike packing and a piece of flat iron strip

to the support (fig. 10), and supported by steel wires to
avoid oscillations. The Cu-Fo Jjunction was situated in
the center of the cut, the wires being insulated from the
walls and from each other by plaster of paris or porcelain
beads. Design b differed from design a by the rounded
edges of the cut (fig. 9). The results (fig. 11) indi-
cate pleinly the effect of this minor improvement. While
the accuracy with design a amounted to 81 percent, it rose
to 86 percent, ‘'or 5 percent higher for design b.

This success led to two others designs ¢ and d, where
particular attention was given to the streamline shape.
Design ¢ (fig. 12} consists of a piece of steel tubing of
5 millimeters diameter and 0.75 millimeter wall thickness
into which a steatite tube is fitted for a cepth of 0.2
millimeter and which carries the Cu-Xo junction. Design
a (fig. 13) is a piece .of ,pipe of the same dimensions as
¢ but fitted with.a. plastlc,tube carrying a spherical nhead.
The Jjunction is in the vertex point. The exposed wires
were rubber insulated against hea% and electricity. The
method of mountlng is shown in fvgure 14,

The t sts, made at a speed of around 280 meters per

‘second; showed:an averzge accuracy of 94 percent Jor de-

sign ¢ and 92, yercent for design 4’ (fln. 11) or a ‘substan~
tial 1mprpvement.over de31vn b. The reason for the greater
accuracy of c¢ cannot bde exPlalned from the flndlngs up to

the present. , It was observed that at higher speeds the

indicating accuracy rises a little buu falls off consicder-
ably at the lower speeds. Lh;s phenomenpn will be dis-
cussed in detail later. ' ' '

- Of the de51gns so far, ¢ shows the greatest accuracy
with 94 percent, although at a very arbitrary disposition
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of the Jjuncitlon at 2 millimeters from the edge.. The next
- problem was t0 ascertain the effect of this location of

““the junction on the reading. . For this study design e

(fig. 15)- was developed. It closely resembled design ¢,

‘but it had an insulating body of plastics instead of stea-

. tite and was threaded so. that the distance! body end -

- junction (= distance a = depth of thread) could be varied..
Various settings.of - insulating body and hence of the junc-
tion were explored: at the end (a = 0), at distance a = 1.0,
a = 2.0, and & = 4.0 millimeters. Figure 16 shows the
resnlting indicating errors plotted.against the stagnation
temperature for different settings a, and figure 17 the
percentage of accuracy against a at different speeds. - The
best values are those obtained for a = 0; insertion df the \ o,

Junction on: the inside is .detzimental to the readings be- Nl
cause of the creation of a dead zone.without accessto fresh Wwb
air and new heat eneregy. -
These.experiménts definitely show that the accuracy
.- is much inferior -at low speeds, explained by the fact that g&‘\‘
. the boundary layer becomes thinner at high speed (the @VN%
- boundary layer thickness is,accordingly to Prandtl (refer- Qs
ence 1l7), inversely proportioral to the root of the Cfﬁ

Reynolds number), as a result of which at low speeds the
thicker boundary layer. renders the transformation into !
potential energy difficult. This phenomenon is not mathe- f
matically solvable; it depends on the body shape and the /
surface condition. The error curves plotted against the /

speed in: figure. 16 therefore.do not follow a parabola con- |

formable to equatlon (7) but deflect at hlgh speed.

Tﬂe greatest accuracy at 2 mlllimeters distance cor-
respondlng to de31gn%q is only. about 90 . percent as against
94 percent for c, in spite of the identical arrangement.
The plastic insulation cannot possibly induce this in-
feriority of 1ndicdtion. The -only. existent -difference is
that on design e the. junction.sits firmly on the plastic
while on ¢ the Junction protrudes a little because of the
brittleness of steatite. In the next tests’ the:r junction
was pulled out of the insulating body: at settings a =
1l mm (figs. 18 and 19) and a = 0 mm  (figs 20 and 21).
The results, plotted- against speed and distance of insula-
tlon body ..and  junction- {= 1), indicate that by these meas-
ures the greatest accuracy at 275 meters per second speed
rises above 95 .percent.. ' The. best settings are at a =1
mmy, b.=-2-mm, and a ='0-mm, b.= 1 mm.: In both test
series the indication is therefore best when the Junction
protrudes 1 millimeter. [This. explalns the better behavior
of design ¢ over design d.’
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The causes of thls phenomenon are explained on a
sphere of 10 millimeters diameter (fig. 22). The experi-
ments with this design, f (figs. 23 and 24), which also.
carried an insulation of plastics, yielded an even greater
accuracy up to 97.5 percent at 275 meters per second speed
and b = 2 mm Junctlon distance but only 93.5 perceant in

_the stagnation point (b = 0) at the same speed. In the
stagnation point where the speed is zero, hence no fresh
air enters, heat is carried off only, no new compressed’
and therefore heated air enters. Conditions must become
more favorable when the air strikes past the junction at
low speed, that is; as in the position to give off new
heat. energy on the Jjunction. This is achieved when the
junetion, rather than in the stagnation point itself, isgs
placed a little ahead of it in a region of still low speed.
If the Jjunction then sticks out too far it comes in a range
of unduly high speed and the accuracy. suffers. The higher
{radiation losses caused by pulling the wires forward is
insignificant compared with the gain in enhanced heat
change, The error conseguent to this measure is, relative
to the stagnation temperature, only 2!/ percent at maxi-
mum speed, as against 51/, percent at 150. meters per sec-
ond speed.- However, this higher percentage of error at
low speed is not decisive as the absolute error on the
basis of the test conditions is 0.95% C at 275 meters per
secoad, but only 0,69 C at 150 meters: pe” -second, relative
to the stagnation temperature, :

To illustrate‘these processes the flow:distribution
of a frictionless fluid around & sphere with potential
lines and lines of equal velocities is given in figure 25.
The velocity in flow direction (x direction) follows the
differentiation of the potential function as

4 . R 34 .
PR YR T
S L S \N/x%+ 3%+ g -
along“difecbionj X ét
3% FRPCED 1 3 x 2 ]
. e 5
2(~/x +y2 4 za) 2 (Jx2+-y3+ z?2)

whereby a = Wy, the vekocity in undisturbed flow and
R the radius of the sphere, or in polar coordinates at

5 = ale + RC O\ .
= atr 'é—-a" COS(;P
and
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w=as(B)yassecesto

The best setfing of'the jdnctioﬁ,'ﬁhiCh was also recorded,

is % = 0.72 for the 10-m1111meter sphere if r 1is the -

distances juncticn r:center af sphere.'at that p01nt the
theoretical velocity in x direction :is 63 percent of that
.0f the undisturbed flow. It should be noted in this rep-
resentation that actually no exact potential flow exists,
when the veloc¢ity distribution departs somewhat from that
shown here. Besides, the Jjunction itself disturbs the flow.
If it is assumed at first that the indicating accuracy was

dependent upon the ratio 7 i.e., that always independent

from the shape of the experimental body, the best indica-
tion is achieved when the theoretical velocity at the junc-
tion amounts to 63 percent of that of the undisturbed flow,
and this assumption was checked on a sphere of 20 milli-
meters diameter (fig; 26). - The greatest accuracy should,
accordingly, be achieved at a distance b = 4 millimeters,
but the test (figs. 27, 28, and 29¢) disclose the best in-
dication at b = 2.5 millimeters, that is,;, for R/r = 0.80
and a speed at the junction o only 50 percent of  w. Thisg
is indicative of yet other .influential factors (such as
size of junction, thickness of wire).

The gquestion of whether the same results could be
achieved with other streamliine bodies was settled in tests
with a static pressure plate of 10 millimeters diameter
(flg. %0) as . used for the dynamic pressure measurement. .
The junction was again placed at different distances from
the surface .of the body and the effect of this measure in-
vestigated. .The accuracy obtained is shown in .figures 31
and 32 plotted .against speed and distsnce b. The maximunm
with 97 percent ‘lies at - v = 2.5.millimeters, or almost as
high as for design f. Thé changed distance . is explalned
by the dlvergent .course of tha-streamllnes..f- :

The method of mountlng the- test bodles by screw1ng
into a holder clamped on both sides is unsuitable for prac-
tical measurements, as in steam turbine tests, for instance,
it leads to installation difficulties and in pipe-line#
experiments the flow is appreciably disturbed. It is much
easier to introduce the test sphere from the outside wall
if the. sphere ig fitted .with a strut as shown in figures 33
Aand 34 although it has the drwwback of destroying the -
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flow symmetry, which is disturbed by the strut on one
side. The two spheres i and k. of 10 and 20 millime-
ters diameters (figs. 33 and 34), respectively, were in-
tended to elucidate the effect of the strut of 5 milli-
meters diameter.

The sphere was screwed in a holder pivoted on the
stirrup of the support (fig. 35), in addition to which
an angle holds the holder solidly to the flange. The con-
gsiderably smaller area of disturbance in the jet following
this new arrangement boosted the maximum from 280 to 310
meters per second. The experiments (figs. 36, 37, 38, and
39) yielded the maximum at the same distances b as with
designs f and g; the indicating maximum with design i is
95 percent, with design k, 97 percent. The inferior re-
sult with the smaller 1 can only be attributed to the
strut effect. The strut should therefore be as small as
possible in relation to the sphere dizameter.

The safeguards taken so far - hezt insulation, Jjunc-
tion in stagnation point of streamline body, supply of
fresh air to Jjunction - produced a stagnation temperature
reading to within 3 percent residuary error from the adia-
batic temperature gradient. Further designs embodying
aerodynamic improvements promising improved flow dbut no
increased stagnation effect should produce no appreciable
increase in accuracy. The residuary losses are attribut-
able to heat dissipation, heat transfer, and radiation.
Since the radiation losses can be considered as being very
small, a reduction in heat-dissipation and heat-transfer
losses by the use of a metal of less conductivity than
copper was indicated. But this metal should have the same
high thermal force as copper. The choice fell to iron-

. constantan with a thermal force of around 0.05 mV/1% C as

against 0.04 mV/1° C for Cu - Ko. The conductivity of
iron is but a tenth of that of copper. The tests with an
iron-constantan junction in design k (figs. 40 and 41)
disclosed an error of 1 percent at 300 meters per second
and of 2.percent at 150 meters per second. OCompared to
most favorable error of one degree before, it is now only
0.40, The 0.6° was, in consequence, heat dissipation and
heat transfer loss; now, Ajp, being a tenth of Ag,, it

amounts to about 0.06° C, i.e., around 0.2 percent.. An
added advantage is the minor dependence of the accuracy on
the Reynolds number.

The drawback of design k is its size for many prac-
tical measurements; so a smaller design 1 was developed.
(fig. 42). It is similar to 4 but the strut has a diam-
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eter of only 2.5 mlllimeters. A 1.25-millimeter diameter
was “impractical for conmstructive as- well as for- strength
reasons. BEven with the 2.5-millimeter strut the insulat-
ing difficulties were:considerable, 'a coating of lacqguer
as well as a layer of oil-impregnated paper resulted in a
short circuit or groundiag, and it requlredthe insertion
‘of a plastic - eylinder of 1.8 millimeters diameter and two
holes of 0.6 m1111meter diameter each in the hollow strut
to achieve perfect insulation. ' The findings with Fe-Xo
thermocouples (figs. 43 and 44) resemble those obtained
with design i, but with a much better indicating maximum
of 981/, percent at b = 1.8 millimeters, or almost as
good as with design k. Its drawback compared with k is
‘that the. maximum with 1 is reached at only one setting of
the Jjunction (b = 1.8 mm) whereas with design k the in-
dicating accuracy is almost constant throughout the range
from b = 2.0 to b = 3.0 millimeters {(fig. 41).  For
exact measurements in larger sections the use of design k
with Fe-Ko thermocouple is therefore recommended.

The design‘satisfies the condition for maximum accuracy
in stagration temperature recording. Reproduction being
easy, it is not necessary to calibrate every single instru-
ment. The still existing error of from 1 to 2 percent
relative to the adiabatic temperature gradient can in most
cases be disregarded in practical measurements.

q) Effect of Flow Direction on Stagnation Temperature Reading

For acceptable measurements even with flow direction
not accurately known, the developed de31gﬁs must be very
insensitive to changes in flow direction. This directional
susceptibility was explored with the spherical instruments.
The results with i, k¥ (Cu-Ko junction), k (Fe-Ko junction),
and 1 are shown in figures 45 to 48, The speed and the lo-
cation of the Jjunction b at which the tests were made are
also shown. The ordinate gives the indicating accuracy
according to egquation (4) in wercent, rather than the tem-
perature differences. Up to an angle of around 15° to the
flow direction the indication remains unchdnged. The in~-
dicating accuracy becomes substantlal;y worse up to go0°,
Beyond that a new marked drop oceurs as -‘the Junctlon has
then entered the region of breakaway phenomena. Inclined
at 180° in flow airection, the accuracy has decreased to
65--to 72 percent. - T

- The most interestlng region between +45° and -45° is
111ustrated in figure 49 for k¥ (Fe-Xo junction) and 1, with
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the inclination of the temperature difference plotted

~against the reading at 0°. The maximum value with k is
indicated up to. 179, with 1 up to 119, at 30° the diverg-

ence with k¥ is 1.1 percent, with 1, 3.6 percent. So with

respect to nondirectional susceptibility the sphere of

20 millimeters diameter is also superior to one of only

10 millimeters diameter.

d) The Laws of Simularity in Temperature Recording
of Flow Gas

Assume a temperature-recording instrument having ap-
proximately the shape of design i, k, or 1, in a gas flow
at speed wg and true temperature T, = Tgtz4s, @5 sketched
in figure 50. The spherical bead has the diameter D.
Compression of the gas produces at the junction the temper-~
ature T,. By adiabatic expansion the stagnation-point
temperature Ty,4 . would have occurred here. The differ-

ence between Ty, and T, is caused by the continual

removal of heat toward the outside. Part of the evacuated
heat passes through the instrument itself on its way %o

the outside. This heat volume &, is proportional to the
temperature difference Tg =~ Tyz11, and to the surface of

the instrument and consequently to the square of the diam-
eter. The path of the heat on its outward flow is propor-
tional to the diameter D, Therefore the outflowing heat
volume is inversely proportional to the diameter . because
.the resistance increaseswith the path. Thus the heat vol-
ume evacuated through the instrument may be expressed as
follows: ' ‘ .

. oy .2 1 .

O = ky (Ty = Tya11) D DT ky (Tg = Tya11) D

Another partfpf the heat passes off a2long with thes gas it-
self. --This part’ of the heat is proportional to the same
temperaturé"differenpe-as above and likewise proportional
to the-surfate, i.e., D2, besides being also inversely
-proportioﬁalito the traveled rath, i.e., proportional %o
quantity, %u-,Furthermore,,this heat volume is, of course,

proportional to the heat conductivity factor. Hence,

.Q€-£ k2 (T, - Twall};Dk.:
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A third part of the heat volume is .lost by .radiation. This

,part ‘is ‘proportional to . the. radlant surface, -i.e., D2, the

difference of the fourth power of T, and Tyall and pro-
portional to the radiation factor C, hence '

%rad = ks '<1oo> ( 100 / 4

The total heat removal calls for an identical amount of
heat input. This input is proportional to the flow section,
i.e., D®, proportional to srzed Wgs and proportional

to the temperature difference between the temperature Ty,
produced without heat exchange and the Jjunction tempera-
ture T,. The heat input is, furthermore, proportional to
the specific heat Cp for - 1 cubic mefter of gas at con-
stant pressure, Eence, :

anbLt = keD?w (Ttot - Ty) Cp

Comblnlng now the requirements whlch must be met if the
same indicating accuracy is to prevail in a different tem-—
perature measurement, we find that in both cases the ratio
(Tg = Tyaii) $(Tio - Tya11) - must equal coastant.

First requirement: Geometric similitary ia the out-
side shape of the test instrument and flow channel. This
requirement includes, for instance, the same ratio

%, %, and o0 as well,

Second requirement: The ratio 'of the unit volume of
flowing gas in the undisturbe? flow and in the stagnation
point must in both cases be the same:

v E ‘
- = const
vstag

‘THir&:requireﬁent{ To inéﬁfé:géom9£iib“siﬁiiarity

-0of streamline patterns in both cases, the Rexqqlds number

in both pressures must be the same:

‘R = = conéfd'

,Eourth requirement: In both cases the four quoted
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‘heat volumes, namely, Qp, Qg. Qradg» .and Qippyg must

be in: the same ratio among themselves.if. the temperature
fields: are to be similar. 'This last requirement resolves
itself into three separate requirements:

Requirement 4a:
“m = ke Qinput, Tyot = Ta = Ks(Ty = Tyayg)

k(T = Tya11)?D = kekaDRBwoks (T, - Twall) cP

whence
Dw, CP

= const
k4 ¢

k, is the heat removed from a geometrically similar test
instrument with D = 1 meter and at T, - T, = 19 C.

Reguirement 4b:

&O
o
1
w
-

Qinput

hence

k2(Ty - Twéll)D A k7k4DzW6k5 Ta - Twall) Gp

whence

Dw, C
—2 P = const (reference 18)

I
RKegquirement 4c:

Qraa = Ksg%:nput

whence
100 - \100 . J ° . e

“ consequently:

e 4
(7 - Twallxc

) = const
(Tg = “T;ﬂ'a.ll).w'o ’ C’p

The cited requirementsfban'be satisfied only if both
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flows arecompletely 1dent1cal.. In.all other cases only
part of, the requlrements can be met. It is therefore
necessary to ascertain what requirements are most impor-
tant. Radiation, forming only a minor fraction of . the:
total heat removal, (requirement 4c), can be dropped.

It is impossible to say, from the very first, whether
the heat removed by the gas or the instrument is greater;
hence these two must remain. Requirement 4b by itself is
known (Grashoff's characteristic); 4a represents a condi-
tion for the dimensions and %the heat conduvctivity of the
instrument. It is manifest that with increasing dimen-
sions (D increases) by otherwise unchanged physical val-
ues (wo, Cp = const) the heat rémoved by the instrument
decreases 1in ratio to the heat input. For the heat input
grows with D=2, but the heat removal only with D. The
indicating accuracy of the larger instrument must there-
fore be greater, as confirmed,.in fact, by the results of
the tests, wheredy it is to be noted, of course, that the
wires in the jinstrument had the same diameter in both
cases, In this instance the heat resistance is increased
from the start by the increasing wire length. This means
that the constant ky on the large instrument is lower
than on the small one. - This fact also affords improved
indicating accuracy.

Constants ky to ks are the same in both cases so
long as the .dimensions and the temperature fields are geo-
metrically similar:  Coanstant k3 may be termed the heat
conductivity factor of the instrument. Constant kp de-
pends upon the Reynolds mumber and the volume ratio at com-
pression in the :stagnation point., The dependence on the
Eeynolds number follows from the boundary layer thickness
through which the heat transfer is affected. In what man-
ner the volume ratlc on:“kg makes "itself felt, is diffi-
cult to say. : . SR . :

We can wrlte, in general

'kz =‘f(Ro,._...o__.>
stag

E

The heat balance reads;

Qp + Qg +* Qrag = Rinput
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Wi - : o T
k (Tg = TyamdD + k2A(Ty = Twal’lfﬁ & k‘?Dai < 100) ( ‘;g;lj

N .

S S C IR R

cor

ky + ks ks T Te Nt a1
‘ (Ta'Twa11)+‘“?<"—'*) "'(“'"“'>'I'C=
' A , kg { \ 100 . 100 / |

= D"“’o(Ttot - Ta) CP

In its first form this equation is homogeneous with four
variables k,, kp, kz, ka. {Division by k4. reduces the
varables to three. . The variables ki and ks are again
conbined to one'term,‘expressed'with kKot Do

£1+1{7\ kg
This reduces the ecuatlon to ‘two variables. These vari-
ables can be computed by inserting two test values ‘measured
with an instrument. - For in the heat balance equation all
"the other quantities are to be presumed as known. The
practiéal result of this calculation is a numerical pre-
diction of .the radiation effect. If the second term of
the transformed heat balance equation is very small com-
pared to the first, it means that the radiation effect is
small., :Then the radiation can be 31mbly dlsregarded in a
further approx1mate analy31s.

Suppose kq = const. Then quantity kp/ka can bve
computed as a function of the Reynolds number with, of
course, one unknown adéiitive constant. It is to be assumed
that kp increases with the Reynolds number., It is ad-
visable, however, to plot at the same time the volume ra-
tio against the Reynolds number, since ki itself 1is
dependent upon it. .

Then two corresponding measurements with different
diameter can be compared, that is, either i, - -

a) at the same Reynolds number, or

b) at the same speed ﬁo or volume ratio.
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If:we assume that kp  in case a).or. case.b) is con-

9stant ‘the-~change in - kg - due . to. chan ed. instrument diam~-

eter_can_be computed. .

.e)ﬁExperimehiélwith‘a Platé'Thérmometér

According to a theoretlcal deduction by Ponlnausen.

e(reference 12) in laminar flow the temperature indicating
error relative. to the true temperature of the flowing me-

dium can be computed solely dependent on the material char-
acteristics of the medium. After the indicating tempera-
ture of a2 plate thermometer, Pohlhausen's correction is
applied: ’

= 1
Tstat = Ting ~ Z (Ptot = Tsgat) P ‘G)

or (equation (1)):

A 2
Tstat = Ting - y zwc g (o)
€%p

c
where PB(0) depends on the material constant O = D&°p

A
The question then arose whether this equation was egually
applicable to turbulent flow. The experiments were car-

ried out over a temperature range of from 0° to 40° O,
where

nPe= 1.71%x 10 °, Nao® = 1.95% 10 °® kg sec/m?
¢, = 0.242 keal/kg °C
N° = 5.64x 10" °, Aypo = 6.84%10 ° keal/msec °C
whence
0,0 = 0.720, Gao0= 0.731

B(O),0 = 3.40 B(0), 0 = .3.42

Hence 1/a B(0) is practically constant = 0.85 throughout
the explored temperazture range. The theoretical indicat-
ing accuracy is accordingly 85 percent.
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‘The thermometer (fig. 51) consisted of & thin, round
"disk 40 millimeters in diameter, carried on a strut 5
millimeters in diameter mounted in the same manner (fig.
52) as designs i, k, and 1. According to the results

the plate thermometer, while giving the theoretical amount
as to order of magnitude, is much dependent for its accu-
racy on the Reynolds number and therefore is impractical
for accurate measurements. This is substantiated by the
result of the test series made at 5° inclination. At the -
maximum speed of 310 meters per second the divergence from
the stagnation témperature is 60 C for zero inclination
and 99 C for 5% inclination, or a difference of 50 percent
referred to zero setting.

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.
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Figs. 2,3,4,5
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Figure 2.-Nusselt's experiments.

-Ej 1 - H Noszle
#From blower | Cooler
[ ) n ) [_/_ Exit cone
| 7 =
‘ \ Test length
H . ' LL
Outlet Inlet

Pigure 3.-Experimental setup.

Tigure 5,~Static pressure in jet.
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